We report the molecular analysis of a novel Drosophila melanogaster gene, rox8, Isolated In a PCR-based screen for sequences encoding RRM-type RNA-bindlng polypeptfdes. The rox8 gene Is predicted to encode a 50-kilodalton protein displaying extensive amino acid sequence similarities (46% overall Identity; 57 to 60% similarity) to the two recently described human TIA-1-type nucleolysins. These cytolytic granule associated proteins, which bind polyadenylated sequences In vitro and trigger DNA fragmentation In permeablllzed target cells, are suspected to participate in the apoptotlc cell death pathway induced by Tlymphocytes and natural killer cells. The structural relatedness of the three proteins includes three tandemly-repeated consensus RNA-recognltlon motifs at the N-termlnal end and a putative membrane targeting signal at the C-terminal end. roxB cytologlcally maps to 95D5-9 on the right arm of the third chromosome. Two rox8 transcripts of 3 and 3.3 kb In length, respectively, result from a developmentallymodulated alternative usage of different polyadenylatlon sites and are differentially accumulated throughout the fly life cycle. Molecular characterization of rox8 represents the first step In a genetic analysis of the potential roles of a TIA-1-related protein in RNA metabolism and/or programmed cell death in Drosophila.
INTRODUCTION
Many cellular and developmental processes are known to be regulated at the post-transcriptional level of gene expression. Such controls require several types of trans-acting factors recognizing specific RNA sequences. A large number of these RNA-binding regulatory proteins share an 80-90 amino acid consensus RNArecognition motif designated to as an RRM (1). Members of the RRM protein superfamily are involved in various aspects of RNA synthesis, metabolism or function (for a review see ref.
2).
Among these RRM-containing proteins, two human TIA-1 type nucleolysins have been recently identified as part of the nucleolytic components of cytolytic granules present in cytotoxic T-lymphocytes (CTLs) and natural killer cells (3, 4) . Both proteins have been proposed to participate in the apoptotic cell death process induced by activated CTLs. Most if not all cells carry information to commit a suicide process known as apoptosis, which is initiated either in response to a specific trigger or by the disappearance of a required trophic factor (5) . In many instances apoptosis requires protein synthesis in the dying cell, which suggests that a specific genetic program is induced by die suicide trigger. However, even if its general morphological and biochemical hallmarks are well documented, the molecular basis underlying apoptosis remain largely unknown (6) . It may involve a common intracellular pathway which is initiated in response to different types of signals depending upon cell context or cell differentiation state (7) .
We report here die molecular characterization of rox8, a Drosophila RRM-protein gene isolated through a degenerate polymerase chain reaction screen (8) . rox8 is located at 95D5-9 on the right arm of the third chromosome and encodes two mRN A species differentially accumulated throughout die fly life cycle. The predicted 50-kDa Rox8 protein exhibits a remarkable amino acid sequence similarity to the human TIA-1-type nucleolysins. In Drosophila, programmed cell death has been described morphologically during metamorphosis and in adults (9) (10) (11) . However, a recent study has shown that a large number of cells undergo programmed cell death during embryogenesis following quite a dynamic and fairly reproducible pattern (12) . Further investigations, using classical Drosophila molecular genetic analysis of the Rox8-encoding gene, should allow to unravel die potential role of such a RRM-containing protein in die programmed cell deadi process.
MATERIALS AND METHODS

Drosophila stock and culture
The Oregon-R stock of Drosophila melanogaster was used for RNA extraction and in situ hybridization to polytene * To whom correspondence should be addressed chromosomes. Flies were grown at 25°C on standard cornmealglucose-yeast medium.
PCR
Oligonucleotides were synthesized on an Applied Biosystems DNA synthesizer and recovered by ethanol precipitation. PCR was done as described (8) . The ROX8 RRM sequences were amplified from pBS8 plasmid DNA (8) using as primers the SK and KS oligonucleotides (Stratagene).
Library screen cDNA clones were isolated from a 4-to 8-hr embryo cDNA library made in the pNB40 vector (13) using a 450-bp DNA probe generated by PCR from pBS8 plasmid DNA, as described above. 2 positives (designated to as pNB8L and pNB8C) out of 10 5 plasmid recombinants were obtained. The 8G4 genomic clone was isolated from a \EMBL3-cloned library (14) using as a probe the pNB8L cDNA insert. Probes were labeled with (a 32 P)-dATP by random priming (Megaprime kit; Amersham).
Sequencing and computer analysis NB8L cDNA and 8G4 genomic fragments subcloned into pBluescriptII-(KS+)(Stratagene) were sequenced on both strands by the dideoxy method using a Sequenase™ kit (US Biochemical). T3, T7 or specific oligonucleotides were used as primers on double-stranded DNA templates. Computer programs used for sequence compilation and analysis were from the PC/Gene package (IntelliGenetics Inc.). Data base searches were carried out using the FASTA or BLAST programs (15, 16) . The multiple alignment program CLUSTAL (17) was used to align the 465 amino acids of DmTIAR with the 375 amino acids of HsTIA-1 and HsTIAR (3, 4) .
In situ hybridization to polytene chromosomes Salivary gland polytene chromosome squashes from third-instar larvae were prepared and hybridized as described (18) . 8G4 phage DNA was labeled by random priming using (bio-16)-dUTP. Detection was with streptavidin-conjugated horseradish peroxidase and diamino-benzimidine (Enzo Biochem.).
Developmental Northern analysis
Developmental Northern-blot analysis was done as described (18) . Briefly, 2 /ig of poly(A) + RNA from each developmental stages were electrophoretically separated and transferred to a nylon membrane (HybondN; Amersham) before UV-crosslinking (Stratalinker; Stratagene Cloning Systems). The NB8L cDNA insert (probe A) was labeled by random priming using (oe 32 ?)-dATP. The probe B was obtained from pNB8L DNA by PCR using T7 promoter oligonucleotide (5'-AATACGACTCAC-TATAG-3') and a 23-mer specific oligonucleotide (positions 2404-2427 in the cDNA sequence shown in Fig. 2 ).
RESULTS
Molecular cloning and characterization of the rox8 gene
The PCR-amplified DNA clone predicted to encode the R0X8 RRM sequences (8) was used as a probe to isolate two rox8 cDNA clones (designated to as NB8C and NB8L) from an embryo cDNA library (13) . The cDNA inserts of 1.9 and 2.5 kb in length, respectively, differ only in the extent of their 5' and 3' ends, as no internal differences were detected in restriction analysis and partial sequencing data (Fig. IB) . The cDNA NB8L is missing untranslated sequences at both the 5' and 3' ends of die 3.3 kb mRNA specie (data not shown). The poly(A) tracks at the 3' end of the cDNAs NB8L and NB8C preceding the EcoRI site (13) are 9 and 13 bp, respectively. The position of the PCR probe (referred to as probe B) used for specific detection of die 3.3 kb mRNA specie (see Fig. 4B ) is also indicated.
The cDNA NB8L was in turn used as a probe to isolate a rox8 genomic clone (8G4) from a phage library made from Oregon-R stock DNA (14) . A restriction endonuclease map of the 16.5-kb-long 8G4 genomic DNA insert is shown in Figure 1A . Both NB8L cDNA and corresponding 8G4 genomic fragments were sequenced. The nucleotide (nt) sequence of the cDNA NB8L and its predicted protein amino acid (aa) sequence are shown in Figure 2 , along with the entire corresponding genomic sequence including some 5'-and 3'-flanking sequences. Sequence analysis revealed that rox8 has an overall size of about 3.5 kb and is made of four exons that are separated by introns of 171, 67 and 69 nt, respectively (Fig. IB) . All donor and acceptor splice sites conform to consensus splice sequences (19) . RNase protection experiments with RNA from ovaries (data not shown) established that the entire 5'-untranslated sequence is likely to be contained within a single exon, extending slightly upstream of the 5' end of the cDNA NB8L. Interestingly, the cDNA clones NB8C and NB8L differ in the length of their 3'-untranslated regions; 642 versus 779 nt. The presence of an appropriately located consensus polyadenylation signal (AAUAAA; for a recent review see ref . 20) is only observed for the cDNA NB8C (Fig. 2) . However, such a signal is found in the genomic sequence about 100 nt downstream the 3' end of the cDNA NB8L (at position 2378, Fig. 2) . As both cDNA clones ended at their 3' termini with short poly(A) sequences, the cDNA NB8L was likely generated by oligo(dT) priming to an internal A-rich sequence motif present in the corresponding genomic sequence (see Figure 2 . Nucleotide sequence of DNA from the rox8 locus and the derived amino acid sequence of the encoded Rox8 protein. The nt sequence of rox8 genomic DNA is shown, along with the NB8L cDNA nt sequence (in capital letters) and the inferred Rox8 aa sequence using the standard single letter code. The first nt of a genomic Ndel she is referred to as nt 1. The running tallies of nt and aa (italicized) are shown on the right, whereai the italicized numbers on the left refer to positions along the cDNA sequence with respect to the first nt of the cDNA NB8L. Introns and flanking sequences not present in this cDNA are in lowercase letters. The consensus polyadenylation signals (AAUAAA) are underlined. The nt at position 2427 which marks the 3' end of the non-poly(A) part of the cDNA NB8L is indicated by an arrowhead. Two putative RNA-destabilizing elements (34) found in the 3'-untranslated region common to both mRNA species are overlined. Some polymorphisms between the 8G4 genomic and NB8L cDNA clones were observed. The nt recovered in the cDNA NB8L are indicated above the genomic sequence. None of these polymorphisms results in aa changes. These sequences have been assigned the GenBank accession numbers L13O37 and L13038.
reading-frame (ORF) extending from nt 384 through 1791. The first AUG codon in this long ORF (at position 396) is embedded in a sequence (CAGCCAUGG) diat is in good agreement with the consensus sequence for eukaryotic (21) and D.melanogaster (22) 
translation initiation sites [CC(A/G)CCAUGG and (C/A)A(C/A)(C/A)AUG, respectively).
Another AUG is found upstream in the mRNA (at position 280, Fig. 2 ) but does not conform to these consensus. Furthermore, initiation at this latter AUG would yield a 13 aa polypeptide which conceivably could have a role in regulating rox8 mRNA translation, as has been found for some eukaryotic messages (23, 24) . Finally, the position of the former AUG with respect to translation start in human TLA-1-type proteins (see Fig. 5 ) supports the notion that it is the bona fide ribosome initiation site. Figure 3 . Cytological localization of rox8. Polytene chromosome squashes of third instar larvae salivary glands (Oregon-R stock) were hybridized to biotinlabeled 8G4 phage DNA. A strong signal (single arrowhead) was detected at position 95D5-9 on the right arm of the third chromosome. Two fainter signals (double arrowheads) were also readily apparent at positions 87A and 87C. These signals correspond to the location of the hspTO genes (25) which cross-hybridized with the closely-related hsp68 gene presents in the 8G4 DNA probe (see Fig. 1 A) .
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rox8 is a single copy gene located on the third chromosome Southern-blot analysis of genomic DNA probed with the cDNA NB8L under high stringency conditions, detected no restriction fragments other than those generated from 8G4 phage DNA, suggesting that rox8 is present as a single copy gene in D.melanogaster (data not shown). In situ hybridization of the same probe to salivary gland polytene chromosomes yielded a single signal at the cytological interval 95D5-9 on the right arm of the third chromosome (not shown). However, hybridization with 8G4 phage DNA gave two weak signals at positions 87A and 87C, respectively, in addition to a strong signal at 95D5-9 (Fig. 3) . Strikingly, 87A and 87C correspond precisely to the cytological location of the hsp 70 genes, that are closely sequencerelated to the hsp68 gene localized at 95D (25) . Comparison of restriction maps of the 8G4 phage DNA insert and genomic clones containing hsp68 (26, 27) established that hsp68 and rox8 are both present in the same recombinant phage, separated by about 9 kb of DNA.
Two differentially accumulated rox8 mRNAs are generated by the alternative usage of distinct polyadenylation sites To determine both the size and temporal expression pattern of rox8 transcripts, we performed a developmental Northern-blot analysis using the cDNA NB8L as a probe (referred to as probe A; see Fig. 1A ). Two mRNA species of approximately 3 and 3.3 kb were detected at all stages of the fly life cycle examined, albeit at variable relative levels (Fig. 4A) . The 3 kb transcript is highly accumulated in ovaries of adult females and in very early embryos; its level is drastically lowered at or soon after the onset of gastrulation, about 4 hr after egg deposition. In contrast, the 3.3 kb transcript is abundant in larvae, pupae and adults, particularly in males. Since die relative sizes of the two detected rox8 mRNA agree well with the structure of the two cDNAs NB8L and NB8C, these data suggested that these transcripts may arise from the alternative usage of two different polyadenylation sites. In order to test for this possibility, the same developmental Northern-blot was reprobed using a 18O-pb PCRamplified DNA fragment (referred to as probe B in Fig. IB) , corresponding to the 3'-terminal region of die cDNA NB8L not present in the cDNA NB8C (nt 2404-2569, Fig. 2 ). As suspected, only the 3.3 kb mRNA was detected (Fig. 4B) , demonstrating that this transcript results from utilization of a distal polyadenylation signal, possibly the one found at position 3382 in the genomic sequence (see Fig. 2 and above) . It is noteworthy that the choice of 3'-processing site does not affect the encoded protein.
The mx6
> -encoded RRM-containing protein presents strong structural similarities to vertebrate TIA-1-type nucleolysins The predicted rox8 protein product (Rox8) is 465-aa long, with calculated molecular weight of 49,771 daltons and isoelectric point of 8.2. Data base searches for related sequences revealed strong similarities to the two known human TIA-1-type nucleolysins (3, 4) . Rox8 displays about 46% overall aa sequence identity (57 to 60% conservative aa) widi either human protein (herein designated as HsTIA-1 and HsTIAR) (see Fig. 5) . Based on die level of aa sequence conservation with these nucleolysins, Rox8 can be divided into two distinct regions.
The first region includes three N-terminal RRMs in tandem which are highly conserved: 140 of die first 295 amino acids (51%) are identical in human and fly sequences and 65% correspond to conservative aa (Fig. 5) . It is noteworthy diat the similarity over the third RRM includes a conserved potential serine protease-cleavage site (Phe-De-Lys, aa 267 -263), diat may be functionally relevant (3) . An additional glycine-rich region in between die second and the uiird RRM resembles aa sequences encoded by pen repeats diat might correspond to a flexible hinge between highly structured domains (28) .
The sequence of die remaining C-terminal region (aa 296-465) is markedly less conserved, including when both human proteins are compared (see Fig. 5 ). However, the overall aa composition of the homologous parts is quite similar, with a high content of glutamines (16%), tyrosines (14%), and pralines (15%). Strikingly, a single charged aa can be found in this latter portion of the fly and human proteins (Arg at position 415 in Rox8). Moreover, a potential N-linked glycosylation site (which is only present in HsTIA-1) and a C-terminal tyrosine-containing sequence (Tyr-Gln-Thr-Gln-COOH) are recovered at the same positions. This signal sequence, which has been found in glycoproteins targeted to lysosomal membranes (29) , is likely to promote membrane association for granule-exocytosis, as well as clustering into coated pits for endocytosis of various cell surface receptors (for a review see ref. 30 ). Finally, the larger size of Rox8 (90 aa) is essentially due to the presence in this portion of a long alanine-rich sequence (of the 55 additional aa, 25 are alanines) including a nearly perfect tandem repeat of 18 aa (beginning at aa 328, see Fig. 5 ).
On the basis of the overall architecture and sequence conservation between Rox8 and the CTL-secreted nucleolysins, we conclude that the Drosophila gene rox8 probably encodes an insect homolog of the vertebrate TIA-1-type nucleolysins. Consequently, hereafter we refer to Rox8 as DmTIAR.
DISCUSSION
We report here the structure and expression of rox8, a Drosophila gene which predicted encoded protein presents strong structural similarities to the two known human TIA-1-type nucleolysins. It is noteworthy that the three RRM domains of DmTIAR, HsTIA-1 and HsTIAR are highly conserved in their primary sequences (65% similarity) and relative positions. Considering that the RRM consensus sequence is a weakly conserved RNAbinding domain (1, 2) , the high degree of aa sequence conservation of all three RRMs between such evolutionarily divergent phyla as arthropods and chordates suggests that each RRM may contribute to different RNA-binding specificities. Furthermore, these three RRMs exhibit a striking aa sequence similarity to the three RRMs of a 48-kDa Saccharomyces cerevisiae RNA-binding protein of undescribed function (31); about 38% aa are identical and 19% additional aa are conservative replacements (data not shown). It remains to determine whether these structural similarities are relevant to common RNA-binding specificities of TLA-1-type proteins. The human nucleolysins have been reported to bind in vitro to poly (A) sequences, though with much weaker avidity than the ubiquitous mRNA poly(A)-binding protein (PABP) (32) , leaving open me in vivo relevance of this observation. The C-terminal part of the TLA-1 type proteins appears not to be subject to strong evolutionary constraints since in spite of scattered similarities between the human and fly proteins, their overall primary sequences have been poorly conserved. By analogy to what is known for other RNA-binding proteins, the non-RRM part of the TLA-1-type proteins could provide surfaces for specific protein-protein interactions. Therefore, the presence of three strongly conserved RRMs in the TIA-1-type proteins suggests that they may function in metabolism aspects of related RNAs; however, their particular roles might be modulated through their auxiliary C-terminal domains.
The ability of recombinant human TIA-1-type proteins to induce DNA fragmentation in permeabilized cells lends some credence to the hypothesis that they are involved in the induced apoptotic cell death pathway in CTL-target cells (3, 4) . A 15-kDa recombinant C-terminal form of HsTLA-1 displays an in vitro nucleolytic activity similar to that of the complete protein, suggesting that the otherwise poorly-conserved glutamine-rich C-terminal domain is sufficient for this function. It remains to establish whether the implication of TIA-1-type proteins in developmental^ programmed cell death is evolutionarily conserved. Isolation of me gene coding for a TIA-1-related Drosophila protein will permit to address this question in vivo, combining molecular and genetic approaches. We have examined the temporal expression pattern of rox8 transcripts: two mRNAs, different in lengm, are both present throughout the fly life cycle but are differentially accumulated during development. Both are predicted to encode the same protein and are generated by a developmentally-regulated alternative usage of two different polyadenylation sites. Whether these differential mRNA abundance and usage of 3' processing sites have some functional significance during development remains to be assessed.
Concerning the genetic analysis of the rox8 locus, only seven lethals have been genetically mapped to the relevant chromosomal region (25) . As a first step towards a molecular genetic evaluation of the rox8 function, we are currendy addressing the question of whether some of these tethals may actually correspond to the herein identified gene using P-element rescue experiments.
ADDENDUM
A Drosophila RRM sequence (RRM12) recently identified using a similar PCR screening strategy appears almost identical to the amplified ROX8-RRM sequence (33) . Available data about the corresponding rbpl2 gene indicate that rox8 and rpb!2 are closely related if not identical.
